
Castration-Dependent Pharmacokinetics of Docetaxel in
Patients With Prostate Cancer
Ryan M. Franke, Michael A. Carducci, Michelle A. Rudek, Sharyn D. Baker, and Alex Sparreboom

From St Jude Children’s Research
Hospital, Memphis, TN; and the Sidney
Kimmel Comprehensive Cancer Center
at Johns Hopkins, Johns Hopkins
University, Baltimore, MD.

Submitted May 25, 2010; accepted
August 9, 2010; published online ahead of
print at www.jco.org on September 20,
2010.

Supported in part by the American
Lebanese Syrian Associated Charities,
the United States Public Health Service
Cancer Center Support Grant No.
3P30CA021765 (S.D.B.), and the
National Institutes of Health Grant No.
3P30CA006973-47 (M.A.R.).

Presented in part at the 41st Annual
Meeting of the American Society of
Clinical Oncology, May 13-17, 2005,
Orlando, FL; and the 109th Annual
Meeting of the American Society of
Clinical Pharmacology and Therapeutics,
April 2-5, 2008, Orlando, FL.

Authors’ disclosures of potential con-
flicts of interest and author contribu-
tions are found at the end of this
article.

Corresponding author: Alex Sparreboom,
PhD, Department of Pharmaceutical
Sciences, 262 Danny Thomas Place, Mail
Stop 313, Rm I5308, St Jude Children’s
Research Hospital, Memphis, TN; e-mail:
alex.sparreboom@stjude.org.

© 2010 by American Society of Clinical
Oncology

0732-183X/10/2830-4562/$20.00

DOI: 10.1200/JCO.2010.30.7025

A B S T R A C T

Purpose
To assess whether the low incidence of severe neutropenia in castrated men with prostate cancer
treated with docetaxel is the result of changes in systemic clearance.

Patients and Methods
A total of 10 noncastrated and 20 castrated men with prostate cancer were studied to achieve
80% power (� � .05) to detect at least a 25% change in the clearance of docetaxel. The
erythromycin breath test was evaluated to determine hepatic activity of cytochrome P450 3A4
(CYP3A4), the main docetaxel-metabolizing enzyme. Additional studies were performed in rats and
transfected cells overexpressing human or rodent transporters.

Results
Docetaxel clearance was increased by approximately 100% in castrated men and was associated
with a two-fold reduction in area under the curve (P � .0001), although hepatic activity of CYP3A4
was unchanged (P � .26). In rats, castration was associated with higher uptake of docetaxel in the
liver and a concurrent increase in the expression of rOat2 (Slc22a7), an organic anion transporter
that regulates, in part, the transfer of docetaxel from the circulation into hepatocytes.

Conclusion
It is recommended that castration- and/or hormone-related changes in the clearance of oncology
drugs should be considered as a possible risk factor for treatment failure.

J Clin Oncol 28:4562-4567. © 2010 by American Society of Clinical Oncology

INTRODUCTION

Docetaxel is one of the most widely used cytotoxic
chemotherapeutic agents and has currently been
approved for the treatment of breast cancer, non–
small-cell lung cancer, squamous cell carcinoma
of the head and neck, gastric adenocarcinoma,
and androgen-independent (hormone-refractory)
metastatic prostate cancer. The pharmacokinetic
profile of docetaxel is characterized by substan-
tial interindividual variability, with up to 10-
fold differences in drug clearance even in patients
with normal hepatic function.1 This degree of
variability remains largely unexplained,1 yet has
important toxicologic and therapeutic ramifica-
tion. In particular, a previous study documented
that a 50% decrease in docetaxel clearance is asso-
ciated with a greater than 430% increase in
the odds of developing severe (grade 3 or 4) neu-
tropenia, the dose-limiting toxicity.2 Further-
more, a reduced area under the curve (AUC)
was associated with shorter survival in patients
with non–small-cell lung cancer receiving do-
cetaxel chemotherapy.3

When docetaxel is administered as a short in-
travenous infusion, neutropenia occurs in virtually
all patients given a dose between 60 and 100 mg/m2,
with severe neutropenia occurring in up to 75% of
patients given 60 mg/m2 and in up to 85% of pa-
tients given 100 mg/m2.4 A survey of the literature
on docetaxel treatment suggests that the incidence
of severe neutropenia is substantially reduced in cas-
trated patients with prostate cancer compared with
noncastrated patients with prostate cancer or pa-
tients with other solid tumors, despite the similarity
in total dose administered per course (Table 1).6-9

In view of the established pharmacokinetic-
pharmacodynamic relationships of docetaxel, we
here evaluated the hypothesis that the castration-
dependent decrease in neutropenia in patients with
prostate cancer is due to decreased systemic expo-
sure of docetaxel in this population. Our results
show that docetaxel clearance is approximately two-
fold increased in castrated patients with prostate
cancer as a result of increased drug uptake in the
liver and that such patients may have altered dose
requirements in the context of chemotherapeutic
treatment with docetaxel.
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PATIENTS AND METHODS

Patients

Using an allocation ratio of 2, group sample sizes of 10 (noncastrated)
and 20 (castrated) were required to achieve 80% power to detect at least a 25%
change in the mean clearance of docetaxel at a significance level (�) of 0.05.
Detailed eligibility criteria have been described previously.5,10-12 Briefly, each
patient was diagnosed with a confirmed metastatic prostate cancer, was older
than 18 years, and had adequate bone marrow function, renal function, and
hepatic function. Castrated patients had histologically proven prostate adeno-
carcinoma that progressed to an androgen-independent state, and castration
was determined by levels of testosterone that were less than 0.5 ng/mL.12

Concurrent use of agents known to alter the pharmacokinetics of docetaxel,
including phenytoin, carbamazepine, rifampin, phenobarbital, St John’s wort,
and ketoconazole, was not allowed. The study was approved by the review
board at Johns Hopkins University, in accord with an assurance filed with and
approved by the US Department of Health and Human Services, and written
informed consent was provided by all patients.

Baseline and Treatment Assessments

In a subset of patients (n � 10 noncastrated and n � 6 castrated), hepatic
CYP3A activity at baseline was assessed using the [14C]erythromycin breath
test within 1 week before starting docetaxel treatment.13 The parameter
C20 minutes, representing the flux of exhaled 14CO2 at 20 minutes, was used as a
marker for CYP3A activity. Docetaxel was administered at a dose of 20, 25, or
30 mg/m2 (30-minute infusion given once weekly) or 75 mg/m2 (1-hour
infusion given once every 3 weeks). The selection of the administration sched-
ule (weekly or every 3 weeks) was at the discretion of the treating physician.
Over the first course of docetaxel administration, serial blood samples were
collected for pharmacokinetic studies. These samples were processed and
analyzed as described.14 Pharmacokinetic parameters were estimated with
noncompartmental methods using WINNonlin version 5.0 (Pharsight,
Mountain View, CA). Because the disposition of docetaxel is linear within
the range of infusion durations and doses applied,13 the observed AUC in
each patient was normalized to a dose of 75 mg/m2 without applying
further correction (normalized AUC � observed AUC � [75/actual
dose]). Separate blood samples were used at baseline to determine serum
levels of various hormones by liquid chromatography–tandem mass spec-
trometry, with a lower limit of quantitation of 0.1 ng/mL for testosterone, 0.02
ng/mL for dihydrotestosterone, and 0.05 ng/mL for estradiol, androsterone,
dehydroepiandrosterone, dehydroepiandrosterone sulfate, estrone, and pre-
gesterone.15 The mean percentage deviation from nominal values (accuracy)
and precision (within-run and between-run variability) of quality control
samples spiked with known concentrations of the various hormones ranged
between 88.3% and 110% and between 1.01% and 13.8%, respectively. The
extraction recovery for the hormones ranged between 60.6% and 95.2%.

Animals Experiments

Rats were used in exploratory studies because of the known qualitative
and quantitative similarities in docetaxel metabolism between rats and hu-
mans16,17 and because rats, unlike mice, express high levels (similar to hu-

mans) of OAT2,18,19 a hepatic transporter that we found in the course of our
work to be an important contributor to castration-dependent changes in
docetaxel clearance. Male Sprague-Dawley rats, postnatal day 17, were pur-
chased from Charles River Laboratories (Wilmington, MA). All animals were
maintained on automated 12-hour dark/light cycles and allowed access to food
and water ad libitum. Rats were weaned at postnatal day 21, and two to five rats
were housed per cage. Half of the rats were left intact, and half underwent
surgical castration. All castration surgeries were performed on prepubertal
rats, between postnatal day 24 and postnatal day 27, and subsequent experi-
ments were conducted between postnatal day 65 and postnatal day 68. The
experiments were initiated by the administration of a single intravenous bolus
injection of docetaxel (dose, 10 mg/kg), and terminal blood samples were
collected by cardiac puncture at 5, 15, 30, 120, and 360 minutes after drug
administration (n � three to four per time point for each condition). Blood
samples were collected in 4-mL tubes containing lithium heparin (Franklin
Lakes, NJ), centrifuged at 4,000 � g for 10 minutes, and plasma supernatants
were stored at or below �20°C until analysis as described.14 Pharmacokinetic
parameters in rat liver and plasma were calculated using PK Solutions 2.0
(Summit Research Services, Montrose, CO).

An additional set of castrated and intact rats was used to collect baseline
blood samples and livers for transcriptional profiling. Livers were isolated,
snap-frozen, and stored at �80°C until processed. A 20- to 30-mg sample was
isolated from each frozen liver, and RNA was extracted using an RNeasy
minikit (Qiagen, Valencia, CA). RNA samples were analyzed using the Gene-
chip Rat Genome 230v2.0 Array (Affymetrix, Santa Clara, CA), and expression
levels were confirmed using real-time reverse-transcriptase polymerase chain
reaction with Taqman primers (Applied Biosystems, Carlsbad, CA) for the
gene encoding Oat2, Slc22a7, and the housekeeping gene, Gapdh.

In Vitro Accumulation Assays

Human embryonal kidney (HEK293) cells stably transfected with OAT2
or an empty vector were provided by Yuichi Sugiyama, PhD (Tokyo, Japan),
and cultured as described.10 Uptake experiments were initiated by addition of
a mixture of [3H]docetaxel (Moravek Biochemicals, Brea, CA) and unlabeled
docetaxel (Sigma-Aldrich, St Louis, MO) at the desired concentration (0.2 to
1,000 �mol/L) to the culture media in the presence and absence of erythromy-
cin (1 mmol/L). Uptake studies were also performed in Xenopus laevis oocytes
injected with water or transporter cRNA (BD Biosciences, Woburn, MA)
as described.20

Growth Inhibition Assays

The growth inhibitory potential of docetaxel in vector control cells and
OAT2 over-expressing cells was assessed with the method of transcriptional
and translational assay21 using 96-well plates seeded with 1.1 � 106 cells that
were pretreated with 5 �mol/L of sodium butyrate and allowed to grow for 24
hours. Docetaxel was added to the wells, giving final concentrations ranging
from 0.1 to 1,000 �mol/L.

Statistical Considerations

Pharmacokinetic data are presented as a mean value along with standard
deviation unless stated otherwise. Statistical significance was evaluated using a
t test, Wilcoxon signed-rank test (in case data were not normally distributed),
or a one-way analysis of variance followed by a Bonferroni post hoc test,
depending on the number of groups considered. In all cases, P � .05 was
considered statistically significant. Calculations were performed using Graph-
pad Prism version 5 (La Jolla, CA).

RESULTS

A total of 30 men with prostate cancer, 10 noncastrated and 20 cas-
trated, received at least one course of docetaxel and were evaluable for
pharmacokinetic analysis. With the exception of serum levels of tes-
tosterone, patient demographic characteristics were similar between
the two patient groups (Appendix Table A1, online only).

Compared with noncastrated patients, the clearance of docetaxel
in castrated patients was approximately 100% increased (Fig 1A) and

Table 1. Incidence of Severe (grade 3 or 4) Neutropenia in Noncastrated and
Castrated Patients With Prostate Cancer

No. of
Patients

Castration
State Dose (mg/m2)

Severe
Neutropenia

(%)
Author and
Reference

102 Noncastrated 75 88 Rathkopf et al5

39 Noncastrated 70 62 Hussain et al6

62 Noncastrated 70 61 Taplin et al7

332 Castrated 75 (� prednisone) 32 Tannock et al8

338 Castrated 60-70 (� estramustine) 16 Petrylak et al9

Influence of Castration on Docetaxel Clearance
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was associated with an approximately two-fold reduction in AUC (Fig
1B; P � .0001). However, results obtained with an erythromycin
breath test indicated that hepatic activity of CYP3A4, the main
docetaxel-metabolizing enzyme,1 was not altered in castrated patients,
as determined by a Wilcoxon signed-rank test (Fig 1C; P� .26). Next, we
considered the possibility that the uptake of docetaxel in the liver is in-
creased in a castrated state. Consistent with this hypothesis, we found that
the AUC of docetaxel in liver was significantly higher in castrated rats as
compared with intact animals (37.0 v 18.0 �g � h/g; P � .01; Fig 2A) and
that this phenomenon was associated with a reduced peak concentration
of docetaxel in plasma (1.50 v 4.07 �g/mL; P � .04; Fig 2B).

As a first step toward understanding the mechanism underlying
the impact of castration on the liver disposition of docetaxel, we
performed microarray analyses on rats liver biopsies. This analysis
revealed that castration was associated with a significant increase in the
hepatic expression of solute carrier genes encoding the organic cation
transporter rOct1 (Slc22a1), the organic anion transporter rOat2
(Slc22a7), and the organic anion transporting polypeptide rOatp1a1
(Slco1a1), whereas the expression of adenosine triphosphate binding cas-
sette transporter genes such as Abcb1a (Mdr1a) and Abcc2 (Mrp2), as well
as members of the Cyp3a gene family, remained unchanged (Fig 3C).

We found that docetaxel is a transported substrate for OAT2 and
rOatp1a1, but not for OCT1 (Appendix Fig A1, online only). How-
ever, because erythromycin was also a substrate for rOatp1a1, but not
for OAT2 (Appendix Fig A1), we focused further specifically on the
possibility that increased activity of OAT2 after castration may be the
main contributor to the altered pharmacokinetic profile of docetaxel.
The increase in hepatic expression of rOat2 observed in the microarray
analysis was confirmed with quantitative polymerase chain reaction
(Fig 2D). Moreover, rOat2 was capable of taking up docetaxel in an in
vitro model (Fig 2E), confirming that docetaxel is a substrate for this
transporter. The capability of human OAT2 to transport docetaxel
was further confirmed in an in vitro model by demonstrating concen-

tration dependence (Fig 3A) and time dependence of cellular uptake
(Fig 3B). We also found that cells overexpressing OAT2 showed a
3.7-fold increase in docetaxel-mediated cytotoxicity compared with
control cells (Fig 3C) and that OAT2-mediated uptake of docetaxel in
vitro was not influenced by erythromycin (Fig 3D).

DISCUSSION

This study compared the clearance of docetaxel in patients with pros-
tate cancer who underwent castration and those who had intact testic-
ular function to understand the mechanistic basis for the previously
noted castration-dependent changes in the incidence of severe neutro-
penia after docetaxel-based chemotherapy in this patient population.
The results of this study indicate that the clearance of docetaxel is
substantially increased after castration, probably because of an in-
crease in the hepatocellular uptake of docetaxel.

Because hepatic metabolism is the primary elimination pathway
of docetaxel,1,16,22 with urinary excretion accounting for less than 10%
of the administered dose,23 we initially hypothesized that the increased
clearance in men after castration is the result of increased CYP3A4-
mediated metabolism of docetaxel in the liver. However, we found
that castration was not associated with significantly elevated hepatic
CYP3A4 activity. Although this finding is consistent with a recent
report suggesting a lack of phenotypic changes in hepatic CYP3A4
activity in men with prostate cancer before and after start of treatment
with luteinizing hormone–releasing hormone agonists such as leupro-
lide and goserelin,24 it should be noted that in the current study, the
small population size is potentially problematic and may cause a type
II statistical error. Additional investigation in a larger population will
be required to confirm that CYP3A activity is not altered by castration
in men with prostate cancer, although evaluation of the erythromycin
breath test in patients undergoing rapid androgen cycling also showed
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Fig 1. Effect of castration on (A) docetaxel clearance, (B) the area under the curve (AUC) of docetaxel normalized to 75 mg/m2, and (C) hepatic CYP3A4 activity
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no difference between low or high testosterone cycles.5 Collectively,
these findings indicate that castration is not causing changes in
CYP3A4 activity and also suggest that testosterone, a known inhibitor
of CYP3A4-mediated docetaxel hydroxylation in human liver micro-
somes,25 is unlikely to be directly causative for the observed kinetic
alterations of docetaxel after castration.

In the context of prostate cancer, it is of note that docetaxel is
typically given in combination with prednisone, an inducer of
CYP3A4 expression in human hepatocytes.26 Furthermore, in pediat-

ric patients, prednisone can increase the clearance of etoposide,27 a
known CYP3A4 substrate.28 This raises the possibility that the low
incidence of severe neutropenia in castrated men with prostate cancer
receiving docetaxel is due to the coadministration of prednisone.
However, in a subset analysis of the TAX327 study, no significant
differences were observed in docetaxel clearance when the drug was ad-
ministered either alone or in combination with prednisone.29 This sug-
gests thatconcurrentadministrationofprednisonedoesnotcontributeto
the altered clearance of docetaxel in patients with prostate cancer.
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Fig 2. Effect of castration on the
concentration-time profile of docetaxel (10
mg/kg, iv) in (A) liver and (B) plasma of
noncastrated (gold squares) and castrated
(blue squares) Sprague-Dawley rats and
on the hepatic expression of solute carri-
ers and adenosine triphosphate binding
cassette transporters as measured by (C)
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polymerase chain reaction (n � three to
four animals per time point) in noncas-
trated (gold bars) and castrated (blue
bars) Sprague-Dawley rats. (E) Transport
of docetaxel in water-injected control (gold
bar) Xenopus laevis oocytes or those express-
ing the rat Oat2 transporter (blue bar, n � 22
observations per group). All data are shown
as mean (symbol or bar) and SE (error bar).
*P � .05; †P � .01; ‡P � .001.
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Recent experimental data have demonstrated that interpreta-
tion of the erythromycin breath test is dependent on the activity of
a number of transporters expressed in the liver.30-32 For example,
in vitro and in vivo data suggest that the uptake of erythromycin is
dependent on active transport by solute carriers, such as
OATP1B3,30 and that biliary secretion is regulated by the adeno-
sine triphosphate binding cassette transporters ABCB1 (P-
glycoprotein) and ABCC2 (MRP2; cMOAT).33 Taking these
studies into consideration, we can assume that castration is un-
likely to impact the function of these transporters, as castration-
dependent changes would have been seen in the erythromycin
breath test results. The uptake of docetaxel in the liver is also, at
least in part, transporter-dependent, with a known role for
OATP1B3 and OAT2.10,20 These transporters are highly expressed
in both the human and rat liver, but not in the mouse,19 and
mediate the hepatic uptake of a variety of compounds.18,34,35 Be-
cause the erythromycin breath test results strongly suggest that the
activities of CYP3A4 and OATP1B3 are not affected by castration,
involvement of other docetaxel uptake transporters, such as OAT2,
seems likely. Support for this possibility was obtained in rats, where
castration was associated with both increased uptake of docetaxel
in the liver and also with an increased expression of rOat2 mRNA.

Although to our knowledge an increase in OAT2 expression in
livers after castration has not been previously reported, increased
expression of rOat2 after castration has been observed previously in
the kidney.18 The increase in hepatic rOat2 expression of rats in the
current study presents one possible mechanism underlying the in-
creased clearance of docetaxel seen in patients who undergo castra-
tion. Indeed, higher levels of OAT2 would theoretically lead to
increased uptake of docetaxel into the liver, thus allowing for en-
hanced CYP3A4-mediated metabolism, and would be reflected in a
decreased AUC and increased clearance. Additional investigation is
required to unravel the regulatory mechanisms affecting hepatic ex-
pression of OAT2 and their dependence on sex hormones.

Collectively, this study suggests that the decreased incidence of
neutropenia in castrated patients with prostate cancer after docetaxel-
based chemotherapy5-9 is likely due to increased hepatic uptake of
docetaxel, leading to a decrease in systemic exposure. This strongly
suggests that castrated patients with prostate cancer undergoing do-
cetaxel treatment should be capable of tolerating elevated doses to
offset their intrinsically increased ability to clear the drug. Further-
more, the increased clearance found after castration implies that these
patients may not be benefiting optimally from standard dosages of
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docetaxel and may require a dosage increase to prevent undertreat-
ment. It is recommended that information on disease- and/or
hormone-related changes in drug clearance and treatment outcome
should be considered and assessed prospectively.
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